The machinery at the eukaryotic replication fork has seen many new structural advances using electron microscopy and crystallography. Recent structures of eukaryotic replisome components include the Mcm2-7 complex, the CMG helicase, DNA polymerases, a Ctf4 trimer hub and the first look at a core replisome of 20 different proteins containing the helicase, primase, leading polymerase and a lagging strand polymerase. The eukaryotic core replisome shows an unanticipated architecture, with one polymerase sitting above the helicase and the other below. Additionally, structures of Mcm2 bound to an H3/H4 tetramer suggest a direct role of the replisome in handling nucleosomes, which are important to DNA organization and gene regulation. This review provides a summary of some of the many recent advances in the structure of the eukaryotic replisome.
Introduction
The structure of DNA is elegant in its simplicity, requiring only four nucleotide bases to encode the blueprints for virtually every living organism. The DNA structure immediately suggested the need for an unwinding enzyme, and perhaps a polymerase enzyme for its replication [1] . But despite its elegance, replication of DNA is quite complicated and numerous unanticipated factors were required, and are still being discovered today [2, 3] . Many of the proteins that replicate DNA act together in a complex with moving parts referred to as a 'replisome', loosely analogous to a sewing machine. The core replication proteins, present in all cell types from bacteria to archaea and eukarya, include a helicase that separates the duplex, a priming enzyme that synthesizes a short RNA primer, DNA polymerases that extend primed sites to synthesize two new daughter strands, ring-shaped DNA sliding clamps that bind and tether the polymerases to DNA, a clamp loader that assembles the clamps on DNA, and a singlestrand (ss) DNA binding protein [4, 5] . DNA polymerases can only extend DNA in the 3'-5' direction because the dNTP substrates are 5' activated. Therefore, only one strand of the antiparallel duplex is synthesized in the same direction as fork unwinding (i.e. the leading strand), while the other strand is extended in the opposite direction, which requires repeated reinitiation events resulting in the creation of Okazaki fragments (i.e. the lagging strand). Each Okazaki fragment is initiated by an RNA primase, and the RNA is later removed and replaced with DNA, enabling ligase to seal Okazaki fragments together. The decision to replicate DNA is made at origin sequences in a highly regulated process that precedes replisome assembly [6, 7] . However, eukaryotic replisomes are also regulated in a wide variety of ways. For example, checkpoint and DNA damage control pathways result in post-translational modifications that regulate the activity and stability of eukaryotic replisomes [8, 9] . Eukaryotic replisomes must also function with nucleosomes carrying post-translational modifications that are important to gene expression.
Structural information is highly informative about function. Indeed, there are numerous examples of functional insights derived from protein structures that were unanticipated by genetics or biochemistry alone. Thus, new methods in electron microscopy (EM) analysis for high resolution single particle 3D reconstruction is rapidly advancing the structural biology field, and DNA replication is no exception. Here we review recent structures determined by EM and also crystallography that relate specifically to the eukaryotic replisome. We start with the helicase, which acts as the central organizer of the eukaryotic replisome.
The CMG Helicase
Cells from all three domains of life -bacteria, archaea and eukaryotes -utilize hexameric helicases that encircle DNA to unwind the replication fork (reviewed in [10] [11] [12] [13] ). Hexameric helicases appear as two rings stacked on top of one another because each subunit is dumbbell shaped, having an amino-terminal domain (NTD) and carboxy-terminal domain (CTD). Thus, viewed from the side, the hexamer has two tiers that appear as two stacked rings ( Figure 1A ). The ATPase motor regions are contained within the CTD tier, while the NTD tier forms tight interactions that hold the hexamer together. The eukaryotic CMG helicase contains a hexameric core, but functions as an 11-subunit complex that can be pulled out intact from budding yeast [14] and was isolated and characterized in the Drosophila system [15, 16] . The hexameric core of CMG is the Mcm2-7 complex of motor subunits, along with five additional accessory factors that do not have ATP sites but are required for significant activity [17, 18] . The Mcm2-7 of Drosophila and human display no activity without the five tightly associated accessory factors, Cdc45 and the four-subunit GINS complex (Psf1,2,3 and Sld5) [15, 19] . The Cdc45/GINS accessory factors are proposed to act by bringing the Mcm2-7 motor subunits into the proper conformation for helicase activity [15, 16] . Archaea contain only one Mcm subunit that forms a homohexamer and has unwinding activity without other proteins [20, 21] . The CTD motor domains of the Mcm subunits are constructed from the AAA+ fold (ATPases associated with diverse cellular activities), as are the eukaryotic viral helicases, bovine papilloma virus E1 (BPV E1) and simian virus 40 large T-antigen (T-Ag) (reviewed in [12] ). In contrast, the CTD motor domains of bacterial DnaB and bacteriophage T4 and T7 homohexameric helicases are constructed from the RecA fold [12] .
The hexameric helicases are thought to unwind DNA by encircling one DNA strand and translocating along it, excluding the other strand and thus acting as a wedge to unwind the duplex, referred to as the steric exclusion model of DNA unwinding (illustrated in Figure 1A ) [22] [23] [24] [25] [26] . However, many hexameric helicases have also been demonstrated to translocate over doublestranded (ds)DNA [19, [27] [28] [29] . Thus, it remains possible that dsDNA enters the helicase for strand separation inside the hexamer, with one (or two) strand(s) extruded out the side(s) between the NTD and CTD, referred to as the side channel extrusion or plowshare model of unwinding [30, 31] . While the AAA+ helicases and RecA-based hexameric helicases operate by the steric exclusion mechanism, they have opposite directions of translocation [32] . The eukaryotic AAA+ based hexameric helicases travel 3'-5', placing them on the leading strand of a replication fork [22, 23] . In contrast, RecA based bacterial helicases travel 5'-3', placing them on the lagging strand [25] .
Unidirectional translocation along DNA requires a protein to have two or more grips to DNA, enabling it to 'walk' or 'inchworm' along it. Inchworm processes have been determined for the non-replicative monomeric helicases and their crystal structures show that they use two RecA domains to bind ssDNA [33, 34] . As ATP is hydrolyzed, the distance between the two domains changes, enabling movement along DNA with repeated cycles of hydrolysis. Most crystal structures of hexameric helicases lack DNA, but their motor domains contain conspicuous loops that protrude into the central channel and are thought to function with DNA [23, 25, 30, 35] . The BPV E1 and bacterial DnaB helicase structures are determined in complex with a ssDNA oligonucleotide and confirm that loops within the central channel bind DNA [23, 25] . In BPV E1, the motor domains are arranged in a right-hand spiral and the loops point up or down depending on the nucleotide bound state [23] . It is proposed that BPV E1, and probably other hexameric helicases, have six grips to DNA (i.e. DNA binding loops on each subunit) and that sequential ATP hydrolysis around the ring moves DNA through the central pore of the helicase [13] . Although sequential hydrolysis occurs in a rotary fashion, neither the helicase nor DNA actually need to rotate in this model.
Formation of eukaryotic CMG is segregated into two distinct stages of the cell cycle (reviewed in [6, 7, [36] [37] [38] . In G1 phase, two Mcm2-7 hexamers are assembled around dsDNA adjacent to an origin requiring ORC (origin recognition complex), Cdc6 and Ctd1. In proceeding to S phase, kinases and several other initiation factors (e.g. Sld2, Sld3, Dpb11, Mcm10) remodel the double hexamer to form two CMG complexes that each encircle a ssDNA for bidirectional replication. The entire process of initiation and formation of replication forks has recently been reconstituted from pure proteins [39] . The cryoEM atomic resolution structure of the Saccharomyces cerevisiae Mcm2-7 double hexamer has also recently been determined ( Figure 1B ) [40] . Among the many interesting details, six DNA binding loops located in the AAA+ region of the motor domains are arranged in a right hand spiral, similar to BPV E1. In addition, the NTD of each Mcm2-7 hexamer contains loops that protrude into the central channel and are associated with OB domains. Genetic studies have demonstrated that the OB domains of S. cerevisiae Mcm4, Mcm6 and Mcm7 are required for replication in vivo, and the crystal structure of the analogous loops in an archaeal Mcm NTD reveal that these OB domains bind ssDNA [41] .
Using single particle EM, the 3D structure of Drosophila melanogaster CMG was determined [42] , and more recently (A) Steric exclusion model of helicase unwinding. All replicative helicases contain hexameric motor rings that can encircle and translocate along one strand of ssDNA, excluding the other strand. Individual subunits of hexameric helicases are composed of amino-and carboxy-terminal domains (NTD and CTD, respectively); the ATP site is in the CTD. (B) CryoEM atomic structure of the Mcm2-7 double hexamer of S. cerevisiae. The inset, right, shows the six h2i loops in the interior channel that closely approach DNA modeled into the structure. Reprinted by permission from Macmillan Publishers Ltd: Nature [40] , copyright 2015. (C) EM 3D reconstruction of S. cerevisiae CMG in side and carboxy-terminal top views. Representations were of EMD 6463 from [43] using Chimera. the 18 Å resolution EM structure of S. cerevisiae CMG [43] . Figure 1C shows the top and side views of CMG. The sideview demonstrates the two-tiered structure of the Mcm2-7 ring. The top view shows that the Cdc45 and GINS accessory factors are located to one side of the Mcm2-7 ring and form a secondary, smaller channel. It has been proposed that the lagging strand might occupy the secondary channel [42] . Another possible function for the accessory factors stems from the need for the ring to open at the Mcm2/5 interface during origin assembly [44] . The accessory factors span the Mcm2/5 interface, and recent studies indicate they may prevent DNA from escaping through the Mcm2/5 interface that periodically re-opens during helicase action [45] . The GINS tetramer also functions as an organizing center for the binding of other replisome proteins, as will be discussed below.
DNA Polymerases and the Ctf4 Trimer Hub
Eukaryotes require three B family DNA polymerases to propagate fork movement [46] . These include Pol epsilon, Pol delta and Pol alpha-primase. Many genetic and biochemical experiments in budding and fission yeast assign Pol epsilon to the leading strand and Pol delta to the lagging strand [47] [48] [49] [50] [51] , although one report indicates Pol delta functions on both strands [52] . Both Pol epsilon and Pol delta function with the circular PCNA clamp for processive synthesis [46, 48] . The circular processivity clamp was the first protein discovered to encircle DNA and the first of the many replisome proteins to be solved structurally [53, 54] . Pol alpha primase consists of 4 subunits, and unlike the other two replicative polymerases, it lacks a proofreading 3'-5' exonuclease and contains an additional RNA primase activity [55] . Crystal structures exist for individual subunits of Pol alpha [56] [57] [58] , while single particle EM 3D reconstruction studies have provided the 3D architecture of the Pol alpha holoenzyme [59] (Figure 2A ). The largest subunit, Pol1, contains the DNA polymerase as well as a CTD that is connected to the polymerase region by a flexible stalk [59] . The second largest subunit, Pol12, and the two smallest subunits that function together for primase activity, bind to the CTD at the end of the flexible stalk of Pol1. Pol alpha holoenzyme generates a hybrid RNA-DNA primer of about 25-30 nucleotides [55] . After about 7 ribonucleotides, the RNA switches from the primase to the Pol1 site for DNA extension [57, 60] . This switch occurs without enzyme dissociation and it is proposed that the flexible tether between the two active centers may facilitate this action [56] .
Mass spectrometry analysis of CMG pull-outs from cell lysates reveal that Pol alpha associates with CMG, along with many other proteins including Ctf4, Tof1, Mrc1, Csm3, TopoI, Mcm10, and FACT [14] . Thus, these many factors are thought to travel as a complex at the replication fork, referred to as the RPC (replisome progression complex) [14] . Recent EM studies reveal that Ctf4 is a homotrimer; each subunit is composed of amino-and carboxy-terminal halves that are connected by a highly flexible linker [61] . Ctf4 is known to bind Pol alpha [62] and Ctf4 also binds the GINS complex [63, 64] . The crystal structure of the carboxy-terminal half of Ctf4 reveals a homotrimer that can bind consensus peptide sequences found in both Pol1 (of Pol alpha) and Sld5 (of GINS) ( Figure 2B ) [61] . Hence, the Ctf4 trimer is proposed to bridge leading and lagging strand components within the replisome, as illustrated in Figure 2C . Since Ctf4 is a homotrimer, it may bind other proteins yet to be identified ( Figure 2C ). The fact that Ctf4 binds a short peptide sequence suggests it might act as a trafficking center like the PCNA clamp, which interacts with numerous partners in a dynamic fashion through binding of a PIP motif (PCNA-interacting peptide) present in many replication, repair and cell cycle regulatory factors [65, 66] . By analogy to PCNA, the Ctf4 trimer may recruit various factors to the fork in a dynamic fashion as they are needed.
Pol epsilon and Pol delta are composed of multiple subunits; their largest subunit is the DNA polymerase [46] . Interestingly, the Pol2 subunit of Pol epsilon consists of two polymerase sequences linked head-to-tail; the amino-terminal half encodes the active polymerase while the carboxy-half encodes an inactive polymerase [67] . Crystal structures of the active polymerase region of Pol2, and of Pol delta have been determined and, as with all other DNA polymerases, they have the shape of a right hand [68, 69] . The catalytic amino-terminal half of Pol2 is unique in containing a novel 'processivity' domain that closes the cleft between the thumb and fingers to completely encircle DNA [68, 70] . Unlike other B-family polymerases, Pols alpha, delta and epsilon contain two cysteine-rich regions in their carboxyterminal domain that form two metal binding sites; CysA binds a zinc and CysB binds an iron-sulphur cluster [71] . In studies of Pol delta the CysA site is required for function with PCNA and the CysB site is required to bind Pol 31, the second largest subunit, also called the B subunit [71] . The B subunits of Pol alpha (i.e. Pol12) and Pol epsilon (Dpb2) share homology to the B subunit of Pol delta, although the function of B subunits have thus far remained enigmatic.
Reconstitution of a Leading/Lagging Strand Replisome
Recent studies have reconstituted a functional asymmetric replisome of Saccharomyces cerevisiae using pure proteins, and have determined the minimal set required for leading/lagging strand replication in vitro [72, 73] . The studies show that Pol epsilon/RFC/PCNA functions with CMG on the leading strand, while Pol delta/RFC/PCNA is much less active and can not gain access to the leading strand in the presence of Pol epsilon. The studies also showed that priming by Pol alpha occurs on both strands, but requires interaction with CMG when the RPA single strand binding protein is present. Unexpectedly, Pol epsilon/RFC/PCNA could not extend lagging strand primers. However, as expected, Pol delta/RFC/PCNA was highly active in extension of lagging strand primers [72, 73] . Hence, assembly of a three polymerase leading/lagging strand asymmetric replisome with Pol epsilon and Pol delta on the leading and lagging strands is inherent within the 31 distinct subunits comprised by CMG, Pol alpha, Pol epsilon, Pol delta, the RFC clamp loader, PCNA clamp and RPA [72, 73] . Therefore, the numerous additional factors that travel with the eukaryotic replisome are not required for asymmetric polymerase function at the fork, and likely facilitate replication control.
Study of subunit interactions among the replisome proteins established several important protein-protein interactions. In fact, the eukaryotic replisome proteins adhere to one another much tighter than proteins of the E. coli and phage T4 and T7 replisomes. Reconstitution studies demonstrated that Pol epsilon binds CMG to form a 15-protein polymerase-helicase complex, referred to as CMGE [74] , which likely explains the much greater activity of Pol epsilon with CMG compared to Pol delta with CMG. Ctf4 forms an isolatable complex with CMG [64] . EM structural studies of replisome complexes will be discussed below.
Structure of the Core Eukaryotic Replisome
We have recently determined the 3D structure of the CMG-Pol epsilon complex (CMGE; Figure 3) , and arrangement of Ctf4-Pol alpha with CMGE, by single particle electron microscopy ( Figure 4 ) [43] . Figure 4A shows 2D class averages of CMG and CMGE. Pol epsilon can be seen as an extra appendage on CMG with multiple connections to CMG. The 16 Å resolution CMGE structure shows that Pol epsilon is positioned over the top of the GINS/Cdc45 accessory factors ( Figure 3B ). The Pol epsilon density extends above the plane of the CTD-tier of the Mcm2-7 ring. The subunit assignments of CMG and placement of Pol epsilon at the CTD-tier of Mcm2-7 within CMG were confirmed by application of a powerful new technique that can map subunits within EM structures [43] . This technique, crosslinking with mass spectrometry readout (CX-MS), is performed by reacting a multiprotein complex with a bifunctional crosslinker, then digestion with protease followed by mass spectrometry to identify the cross-linked peptides [75] . The CX-MS technique, applied to CMGE, provided over 550 cross-linked positions, among which over 150 were intersubunit cross-links [43] . The intersubunit cross-links provide information about the proximity of subunits within the complex, and the CX-MS data confirmed the arrangement of each of the 11 CMG subunits and that Pol epsilon is on the CTD-side of CMG.
The crystal structure of the catalytic amino-terminal half of Pol2 can be docked reasonably well into the stalk of density that extends above CMG in the EM structure of CMGE, although given that Pol2 may contain two polymerase structures we can not be sure this density is the catalytic polymerase [43] . The Dpb3 and Dpb4 subunits are small histone fold proteins and the known dimensions of the homologous Drosophila Dsl1/ Dpb4 heterodimer [76] in the CMGE structure ( Figure 3B ). The density of Pol epsilon in the CMGE complex accounts for about 70% of the Pol epsilon mass, suggesting that a region of Pol epsilon may have sufficient flexibility to be lost from the averaged density, although other explanations are possible (discussed in [43] ). An earlier EM study of Pol epsilon demonstrated that Pol2 is a compact globular shape, without a flexible hinge between the active and inactive polymerase halves [77] . It is not known which region of Pol epsilon, if any, is missing from the observed density. But if some region of Pol epsilon, such as the catalytic amino-terminal half of Pol2, were flexibly attached and thus not present in the density, the CX-MS technique that uses a short cross-linker reveals that it must be within or adjacent to the observed density.
Despite decades of research on bacterial replisomes, the structure of a replisome has not yet been imaged. Replisome structural studies have been hampered by weak connections among core components of bacterial replisomes. For example, the E. coli DnaB helicase, DnaG primase and DNA Pol III do not form sufficiently strong connections to isolate complexes among any two of them. Unlike bacterial replisome proteins, several components of the eukaryotic replisome form complexes with sufficient stability to be isolated. We have determined the architecture of the eukaryotic core replisome by building the replisome up in stages during single particle electron microscopy [43] . Figure 4 shows 2D class averages of replisome subcomplexes, arriving at a final core replisome of 20 different proteins that contains the CMG helicase, leading strand Pol epsilon, Ctf4 scaffold trimer, and lagging strand Pol alpha polymerase-primase. The 2D averages in Figure 3A show side views of CMG and the characteristic two layer CTD-NTD structure of the Mcm2-7 subunits with the GINS/Cdc45 as a knob to the right of Mcm2-7. Figure 4A shows 2D averages of the CMG-Ctf4 complex, in which Ctf4 is located on the NTD side of CMG. The Ctf4 used for the CMG-Ctf4 complex is full-length protein and appears fuzzy, consistent with the flexible joint observed between the amino-and carboxy-terminal halves of Ctf4 in an EM study [61] . As discussed earlier, Ctf4 binds to Pol alpha [61, 62] , and thus Ctf4 is a proxy for the location of the lagging strand Pol alpha. Figure 4B shows 2D class averages of CMG-Ctf4-Pol alpha in which Pol alpha density is observed adjacent to Ctf4, and located on the amino-terminal side of the Mcm ring. This is consistent with interaction between Pol alpha and the Mcms reported in an earlier study [78] . Figure 4C shows 2D class averages of CMGE-Ctf4, demonstrating that Pol epsilon and Ctf4 occupy opposite sides of CMG. Figure 4D is a side view of CMGE in the presence of a primed forked DNA. Figure 4E shows 2D averages of the 20 protein CMGE-Ctf4-Pol alpha core replisome with a primed replication fork substrate. The core replisome inferred from the 2D images, along with the CMGE structure, is shown in the diagram to the right in Figure 4E .
The EM structural results reveal that the two polymerases are on opposite sides of the CMG helicase [43] . Thus, one polymerase must ride on top of the helicase, ahead of the unwinding point. This was unexpected, as it has been widely thought that DNA polymerases would follow behind the helicase to operate on the unwound strands. Thus, the question arises as to which polymerase is sitting on top of CMG, above the unwinding point, and which polymerase is below. While the EM studies of Figure 4A -E were performed in the presence of forked DNA, EM grids were prepared by the negative stain procedure which does not clearly visualize DNA. Hence, the DNA path is not determined in the replisome EM structure study.
DNA Threading through the Replisome
The path of DNA through the Drosophila CMG has previously been determined in EM studies by the Botchan and Berger labs [79] , and given the similarity in CMG structures one may presume the DNA path will be the same in S. cerevisiae CMG. The (79) with the S. cerevisiae CMGE structure and the class averages of panels A-E [42] places the Pol epsilon on the top (C-face) of CMG adjacent to the parental duplex. After the unwound leading strand exits the NTD of CMG, it needs to make a U-turn to reach Pol epsilon on the top, illustrated as taking an external path, but the ssDNA may take an internal path through CMG. In the steric exclusion model, the lagging strand is on the outside of CMG to reach Pol alpha on the Nside. CMGE was drawn with Chimera using EMD-6465 from [42] . (I) If DNA were to enter the NTD of the Mcm2-7, the Pol epsilon would reside below the CMG and Pol alpha primase would ride near the DNA split point, where it could prime the lagging strand.
Drosophila CMG-DNA EM study used a primed DNA structure and negative stain, and the 20 bp duplex portion of the DNA was observed protruding from the CTD tier ( Figure 4F ). To confirm the assignment of DNA one end of the duplex was labeled with biotin-streptavidin ( Figure 4G ) [79] . The result demonstrates that the leading strand enters into the Mcm2-7 ring of CMG at the CTD face. The CTD-to-NTD direction of leading strand DNA passage through the Mcms is also consistent with studies of archaeal MCM helicase [80] .
Combining the DNA path with the organization of the core CMGE-Ctf4-Pol alpha replisome presents a surprising and unanticipated architecture in which Pol epsilon is at the prow of the fork, ahead of the helicase (illustrated in Figure 4H ) [43] . Therefore, when the leading strand ssDNA exits from the amino-terminal side of Mcm2-7, it must make a U-turn to reach Pol epsilon at the carboxy-terminal side of CMG, above the forked junction. The length of ssDNA required to pass through CMG and turn back to Pol epsilon at the top of CMG predicts a length of at least 40 nucleotides. Interestingly, there is experimental support in the Xenopus system for a sizable gap on the leading strand, extending 20-40 nucleotides from the forked junction [24] . The leading strand may traverse the outside of CMG to reach Pol epsilon as illustrated in Figure 4H . There remain many uncertainties about the replisome structure that will require further study. For example, the replisome structure and the DNA threading through it is an intricate process that occurs at origins and requires many factors that do not travel with the fork (e.g. ORC, Cdc6, Cdt1, Sld2, Sld3, Dpb11; reviewed in [6, 7, [36] [37] [38] ). Furthermore, many additional factors travel with CMG at a replication fork in vivo (e.g. Mcm10, Tof1, Csm3, Mrc1, FACT and possibly others) [14] . Hence, the architecture of the minimal replisome determined by in vitro reconstitution methods may not accurately reflect the replisome architecture within cells. Thus, it remains possible that the leading DNA strand might enter the NTD tier of the Mcm2-7 when CMG is assembled in vivo, as illustrated in Figure 4I . In this case, Pol epsilon would be positioned behind CMG and Pol alpha primase would be at the top, near the DNA split point for priming the lagging strand. The other replisome enzymes required for fork propagation include the RFC clamp loader and lagging strand Pol delta. To date, replisome complexes containing Pol delta and/ or the RFC clamp loader have not been obtained, and their connection to the replisome is still uncertain. Clearly, a secure view of the replisome structure and the way it binds to DNA will require further studies.
Provided Pol epsilon rides ahead of the CMG helicase, what function may this serve? One possible advantage of this structural arrangement is that Pol epsilon has been demonstrated to bind histones, and the replisome must deal with nucleosomes affixed to the parental duplex [81, 82] . A replisome with Pol epsilon at the top of CMG places it in a position to encounter nucleosomes on the parental DNA. Furthermore, the Dpb3/4 histone heterodimer of Pol epsilon may function to facilitate nucleosome mobility, similar to proposals for similar histone fold heterodimers found in the CHRAC nucleosome remodeler and in RNA Pol II [83, 84] . Indeed, genetic phenotypes of Dpb3 and Dpb4 mutants in yeast show a loss in ability to maintain heterochromatin during DNA replication [83, 84] .
Mcm2 Interaction with Nucleosomes
The amino-terminal region of Mcm2 binds to histones, and recent crystal structures of a region of Mcm2 bound to the H3/ H4 tetramer shows that Mcm2 binds the H3/H4 tetramer at the same positions that DNA binds to H3/H4 ( Figure 5A ; compare to the structure of the full nucleosome in panel B) [85, 86] . This binding mode is common to nucleosome chaperones, suggesting Mcm2 or Mcm2-containing assemblies may serve in this capacity [85] . The proposed DNA path through CMG [79] (A) Crystal structure of the amino-terminal histone binding region of Mcm2 (pink) with the H3/H4 tetramer (green and blue) drawn using Chimera and PDB 5BNV from [85] . (B) Crystal structure of the nucleosome drawn using Chimera and PDB 1A0I from [90] . Histones H3 and H4 are in green and blue. Histones H2A and H2B are in orange and yellow. The location at which Mcm2 binds is not depicted but can be inferred by comparison to panel A. (C) Crystal structure of the Mcm2 histone binding region (pink) with a H3/H4 heterodimer (green and blue) and Asf1 (black) drawn using Chimera and PDB 5BNX from [85] . Figure reprinted [85, 86] . A crystal structure of Mcm2-H3/H4-Asf1 has also been determined [85, 86] , and in this case only one Mcm2 is bound to a heterodimer of H3/H4 to which Asf1 is also bound ( Figure 5C ). Asf1 disrupts H3/H4 tetramers by binding at the H3/H4 tetramerization interface, and this interaction site does not overlap with the Mcm2 binding site on H3/H4. Asf1 did not appear to have a synergistic effect with Mcm2 in H3H4 tetramer assembly reactions onto DNA in vitro, and therefore it is not yet clear whether these two factors function together [85] . It is important to note that nucleosome assembly on daughter DNA is thought to occur via the Caf1 (chromatin assembly factor 1) heterotrimer in a PCNA-dependent reaction [87] . While Asf1 is known to participate with Caf1, it is not yet known whether Mcm2 can function with Caf1. Clearly, the relevance of the Mcm2-H3/H4 interaction during replication will be important to explore in future studies.
The replisome contains many points of connection to histones beyond the Mcm2-H3/H4 interaction. The FACT complex, which binds and helps mobilize histones, is a component of the RPC and travels with replisomes [14] . FACT is a two-subunit complex that helps RNA polymerase transcribe through nucleosome-bound DNA [88] . FACT also binds Pol alpha [88] , and its association with RPC suggests it may facilitate replisome progression through nucleosomes as it does for RNA polymerase [14, 81] . Other interactions between nucleosome assembly factors and replisome components include binding between the RFC clamp loader and Asf1 [89] , and binding between Caf1 and PCNA, required for nucleosome assembly activity as described above. Furthermore, besides the finding that both Pol epsilon and Mcm2 bind histones, recent studies show that Pol alpha also binds histones [81] . Hence, the replisome contains many sites at which it binds histones and chromatin remodeling factors. The replisome probably makes use, directly or indirectly, of several different nucleosome remodelers and chaperones for histone management during replication, as the replisome must deal with essentially every nucleosome in the entire genome. It is possible that the replisome may actively redistribute the parental histone octamers among the daughter strands.
What Needs to Be Done? There has been a rapid expansion in our knowledge of eukaryotic replisome structure in just the last two years, yet the information brings up more questions than it answers. The present model of the core replisome arrangement begs the question about how the RFC clamp loader and Pol delta fit into the replisome, if at all? Many subunits of the multiprotein polymerases are still unknown. The atomic structure of CMG helicase, the explanation of why it contains six distinct Mcm subunits, the function of Cdc45 and GINS in helicase activity, and the translocation mechanism of the complex are questions that await insight from future structural studies. There are numerous additional proteins that travel with replisomes; how are they organized in the replisome and how do they function? For example, the function of Mcm10 is unknown yet it is part of the RPC and is an essential protein in all cells examined thus far. How do the checkpoint proteins Mrc1, Tof1, and Csm3 fit into the replisome architecture and how do they perform their checkpoint function? Pol epsilon is well established to be involved in checkpoint signaling, but the mechanism and structural changes that accompany this process are completely unknown. Many replisome proteins become phosphorylated in a cell cycle fashion or upon DNA damage, yet the function of these post-translational modifications remain to be determined. Nucleosomes bind tightly to parental DNA, especially in regions of heterochromatin, yet the replisome must be capable of moving through all chromatin structures during a replication cycle. Many replisome proteins are known to bind histones or histone chaperones. How the replisome deals with nucleosomes is an important question to be addressed. The replisome must also deal with collisions with RNA polymerase and transcriptional effectors, and interdigitate with repair and recombinational processes. The replisome must also coordinate its action with huge cohesion rings that keep daughter chromosomes paired during and after replication. These are only a few of the many questions about replisomes that structural studies can inform. Crystal structure analysis as well as the new direct detector technology for EM analysis of large protein complexes promise a bright and exciting future for understanding the central and vital processes needed to duplicate chromosomes.
